SUMMARY AND CONCLUSIONS 1. FM-FM neurons in the auditory cortex of the mustached bat are sensitive to a pair of frequency-modulated (FM) sounds that simulates an FM component of the orientation sound and an FM component of the echo. These neurons are tuned to particular delays between the two FM components, suggesting an encoding oftarget range information. The response properties of these FM-FM neurons, however, have previously been studied only with synthesized orientation sounds and echoes delivered from a loudspeaker as substitutes for the bat's own orientation sounds and corresponding echoes. In this study, the combination sensitivity and delay tuning of FM-FM neurons were examined while the bat was actively vocalizing.
1. FM-FM neurons in the auditory cortex of the mustached bat are sensitive to a pair of frequency-modulated (FM) sounds that simulates an FM component of the orientation sound and an FM component of the echo. These neurons are tuned to particular delays between the two FM components, suggesting an encoding oftarget range information. The response properties of these FM-FM neurons, however, have previously been studied only with synthesized orientation sounds and echoes delivered from a loudspeaker as substitutes for the bat's own orientation sounds and corresponding echoes. In this study, the combination sensitivity and delay tuning of FM-FM neurons were examined while the bat was actively vocalizing.
2. When the bat produced orientation sounds in an anechoic environment, or synthesized single FM echoes were delivered to a silent bat, the FM-FM neurons showed weak or no response. In contrast, when synthesized FM echoes were delivered with a particular delay from the FM component of the vocalized orientation sounds, the FM-FM neurons exhibited strong facilitative responses.
. 3 . In both the vocalizing bats and the silent bats with substituted synthesized orientation sounds, all FM-FM neurons tested responded preferentially to the same echo harmonic (FM2, FM3, or FMa).
4. In vocalizing bats, FM-FM neurons showed maximum response to an echo FM component delivered with a particular delay (best delay) from an FM component in the orientation sound. Best delays measured with vocalized orientation sounds were nearly the same as those measured with synthesized orientation sounds.
5. The equivalent effect ofa vocalized orientation sound and a synthesized FMr component on the activity of FM-FM neurons indicates that, during echolocation, the FM1 component in the vocalized orientation sound stimulates the auditory system and conditions the FM-FM neurons to be sensitive to echoes with particular delays from the vocalized orientation sounds.
6. The amount of vocal self-stimulation to the inner ear by the bat's own vocalized sounds was measured by recording cochlear microphonic potentials (CMs). Spectral analysis of CM indicated that the amount of vocal self-stimulation by each harmonic of an orientation sound was equivalent to a sound of 70 dB sound pressure level (SPL) for the first harmonic (H1), 9l dB SPL for H2, 83 dB SPL for H3, and 70 dB SPL for Ha, when the amplitude of the vocalized sound was I l7 dB SPL at 5 cm in front ofthe bat's mouth. INTRODUCTION Echo delay is the primary cue for target rangrng in echolocation. The mustached bat, Pteronotus parne I Ii i parnel lii, emits orientation sounds (also called pulses), each of which consists of a constant-frequency (CF) and a frequency-modulated (FM) component. Since each orientation sound comprises four harmonics, there are eight components in total: CF1-a and FMr-r Gig. La). While CF sounds are suited for target detection and velocity measurement, FM sounds are suited for target ranging. In the FM-FM area of the auditory cortex of this species 00.22-3077188 $1.50 Copyright @ 1988 The American Physiological Society A 120 ( Fig. lB) neurons exhibit strong responses to a pair of synthesized FM sounds that simulate the FM component of a pulse and its echo. The neurons, however, show poor or no response to a singly delivered FM sound. These FM-FM combination-sensitive neurons respond maximally when one of the paired FM sounds is delayed with respect to the other by a specific amount. FM-FM neurons tuned to different delays are systematically arranged along the cortical surface according to their preferred or, "best" delays (14) . On the basis ofthe results obtained with synthesized orientation sounds and echoes, Suga and his co-workers have theorized that vocal self-stimulation by the bat's own sound conditions the FM-FM neurons to be sensitive to echoes from targets at particular ranges (8, 15, 16) . To date, however, response properties of FM-FM neurons have not been examined in actively vocalizing bats.
In this study, the combination sensitivity of FM-FM neurons was examined in vocalizing bats in an anechoic environment, and delay tuning of the neurons was examined by delivering synthesized FM echoes with various delays from the FM component of the vocalized pulses. The data obtained from vocalizing bats agree with those obtained with synthesized orientation sounds and echoes while the bat was silent and thus support the theory that vocal self-stimulation conditions the FM-FM neurons to respond to echoes from a target at a specific range.
Since vocal self-stimulation is apparently important for processing biosonar information, the amount of vocal self-stimulation at the inner ear was also measured by recording cochlear microphonic potentials (CMs) during vocalization.
MATERIALS AND METHODS

Animals and surgery
Five mustached bats, Pteronotus parnellii parnellii, from Jamaica, weighing -13 g, were used. For surgery, Innovar-Vet (fentanyl:0.08 mg/kg body wt and droperidol:4.0 mg/kg body wt) was injected intramuscularly. The skull was exposed and the flat head of a nail was mounted on the skull with Eastman 910 glue and dental cement. Surgery was performed 3-5 days before the first session of experiments. The surgical wound was treated with local anesthetic (Xylocaine) and antibiotic ointment (Furacin). During the experiments, no general anesthetic was administrated. Water was occasionally given to the bat and a local anesthetic was applied to the suryical wound. After the experiments, the bat was returned to the animal room. Each bat could be used for up to 2 mo.
Experiment in a soundproof room
The first session of the experiment was performed in an echo-attenuated soundproof room, using synthesized orientation sounds and echoes. The bat was held in a Plexiglas housing, and its head was immobilized by fitting the mounting nail into a holding device. A hole of -50 pm diam was made in the skull over the FM-FM area. A vinyl-coated tungsten-wire electrode with a tip diameter of 5-10 pm was inserted through the hole into the FM-FM area. A silver wire inditrerent electrode was placed on the cortical surface
H2 +"-- outside of the auditory areas. When action potentials were recorded from a small cluster of FM-FM neurons with good signal-to-noise ratio, the electrode was fixed in place with dental cement. Subsequently, response properties of the FM-FM neurons were characterized with synthesized orientation sounds and echoes as in the previous experiments (15) while the bat was silent.
Experiment in an anechoic environment
In the soundproof room, echoes from the walls measured -60 dB SPL for the ll7 dB SPL sounds typically produced by a bat. Since most FM-FM neurons are sensitive to 60 dB SPL echoes ( I 5), we were unable to examine the effect of vocal self-stimulation and echo independently in the soundproof room. The second experimental session with vocalized orientation sounds and synthesized echoes was, therefore, performed in an anechoic space: the bat housing was attached to the end of a 1.6-mlong metal rod, and the rod was extended outdoors from a window on the second floor facing an open field, so that the bat's head was pointed outward horizontally (Fig. 2) . In this condition, the bat vocalized either spontaneously or after small perturbations of the metal rod. The echo amplitude in this environment was estimated by placing a loudspeaker at the bat's position facing outward. A pure tone (1 l0 dB at l0 cm, 60.5 kHz, l0 ms) was delivered from the loudspeaker, and the ensuing echo was recorded with a microphone located as in Fig. 2 . Fourier analysis (see below) ofthe echo indicated that its amplitude was <25 dB SPL. During the experiment with vocalization, movements of the head 1.6 nc.2.
Schematic view of the experimental setup used for the recording ofneuronal activity in the auditory cortex of the vocalizing bat. Note that the entire apparatus is extended out from a window into an open space, so that the vocalized orientation sounds produce no significant echo (>85 dB attenuation). Synthesized echoes are delivered from the loudspeaker as necessary. I, sunshade; 2, loudspeaker; 3, preamplifier;4, microphone; 5, window sill ofa building located 7 m above ground level.
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were lightly restrained by a flexible steel wire attached to the mounting nail. This ensured a reasonably stable head position and also led to frequent vocalizations.
Acoustic stimulus
In the experiment with synthesized pulses and echoes, two sets ofsound synthesizers (a voltagecontrolled oscillator and a tone-burst generator) were used. The frrst synthesizer generated pulses each of which consisted of a 2O-ms-long CF tone of -30 kHz followed by a 4-ms-long FM sound. In the FM, frequency was swept linearly from -30 to 24kHz. Pulse FMs without CF were also used. The second synthesizergenerated each FM2, FM3, or FMr comPonent with various delays from the FM component in the synthesized pulse. The initial frequencies of the FM echo were near 60, 90, or 120 kHz for FM2, FM3, and FI\[a, respectively, and the range of the FM sweep was about one-fifth ofthe initial frequency. The duration of the echo FM was 4 ms. These synthesized pulse and echo were electronically mixed and delivered from a condenser loudspeaker located 60 cm in front of the bat in the soundproof room. Combinations of FMr and FMn (n : 2,3, or 4) with various delay were used as a search stimulus while localizing the multiple-unit recording sites. In the experiment in the anechoic environment with the vocalizing bat, only the synthesized FM echoes generated by the second synthesizer were delivered from a condenser loudspeaker (5 cm in diameter, Polaroid) located 12 cm above the bat (Fig. 2 ). To deliver a synthesized FM echo with various delays from the FM component of a vocalized orientation sound, the orientation sound was recorded with a % in, condenser microphone (B&K 4135) placed 5 cm below the bat's mouth, and its second harmonic was band-pass filtered (24 dB/octave). The frequency of the second harmonic was translated into a voltage signal with a frequency-to-voltage convertor. This voltage signal was fed into a Schmitt trigger to obtain an electric pulse synchronized with the onset ofthe FM component of the orientation sound. The electric pulse in turn triggered the echo synthesizer described above with adjustable delay (Fig.  3 ). All synthesized sounds nad a rise-decay time of 0.5 ms.
Throughout this paper, sound amplitudes are expressed in dB SPL referred to20 pPa. Frequencies of FM sounds are expressed by their initial frequencies. Because of the complexity of the acoustic stimuli, a shorthand notation is introduced. P and E refer to the synthesized pulse and echo, respectively, and VP refers to vocalized pulse. FM, represents an FM component of the zth harmonic. These will be combined as PFM,. EFM2 etc. 
Dala acquisition and processing
Action potentials exceeding the threshold of a spike discriminator generated uniform electric pulses. These pulses were used for the beam intensification ofan oscilloscope for easy viewing of the action potentials. A computer (DEC MICRO PDP-I1) was used for plotting peristimulus time (PST) histograms, referring to either the onset of the CF or the FM component in synthesized orientation sounds or vocalized orientation sounds. To avoid irrelevant data acquisition during nonorientation vocalizations, their low-frequency components (below 20 kHz) were extracted by a low-pass filter and were used to inhibit data acquisition.
Recording and analysis of cochlear microphonic
CMs were recorded with a tungsten-wire electrode (50 pm). The electrode was inserted into the cochlear aqueduct through the cerebellum (3). CMs were directly sampled by the computer with an analog-to-digital converter (Data Translation) at a rate of 200 kHz with a dynamic range of 72 dB. The sampling was started 5 ms after the onset of the CF component of the orientation sound and continued for 5.12 ms (1,024 points). FastFourier transforms were computed with a resolution of 0.2 kHz. The vocalized sounds were recorded by the computer through a second analogto-digital converter simultaneously with the CM sampling for their amplitude analysis.
The "resting" frequency of the bat was measured prior to every experiment. The orientation sounds emitted by a stationary bat were recorded with a microphone, and the times of every 1Oth zero-crossings were registered by the computer with 1-ps resolution. These timings were averaged over a l0-ms period (13) .
RESULTS
Response properties of FM-FM neurons
Multiple-unit recordings from small clusters of neurons were made from a total of 30 recording sites in the FM-FM area. Response properties of the FM-FM neurons were first characterized with synthesized pulses and synthesized echoes while the bat was not vocalizing. Each recording site showed one of three types of combination sensitivity (FMr-FM2, n: 4; FMr-FM3, ft: l2; FM1-FMa, n: l4), as previously reported in a singleunit study ( l5). At most of the recording sites (27 out of 30), neurons showed weak responses to any FM component presented singly (<307o of the facilitative responses to an FM1-FM, combination). When a specific FM, was delivered after an FM1 with a particular delay, however, neurons showed strong facilitative responses. Since frequency and amplitude of each FM, and delay of FM, from FM1 were important for their response, these parameters were systematically adjusted to find the optimal values for the best response in each recording site. These optimal values are called best frequency, best amplitude, and best delay, respectively. The threshold of each component for facilitation was also measured. For example, in the FMr-FM3 combination-sensitive neuron in Fig. 4A , best frequency, threshold, and best amplitude of PFMI for facilitation were, respectively, 30.6 kHz, 33, and 58 dB SPL; those of EFM3 were, respectively, 92. Fig. 4 .B to systematically varied echo delays. d-a response to the pair ofsynthesized orientation sound and synthesized echo.f-j: response to the pair ofvocalized pulse and echo. Note that the response is strongest at the best delay. The PFMI and EFM3 were delivered at the best amplitudes for the facilitation. 20 repetitions for each histogram.
tation, the neuron showed only poor response (Fig. 4Aa,b) . In contrast, when these two components were delivered in combination with the best delay, these neurons showed a strong facilitative response (Fig.4Ac) . Relationship between best delay measured with synthesized orientation sound (abscissa) and best echo delay measured with vocalized orientation sound (ordinate), (o). Note strong positive correlation. Because oftechnical constraints, synthesized echoes following vocalized pulse with delays shorter than 2-3 ms could not be delivered. a, The best responses were elicited by shortest echo delay that could be delivered. Thus the best delay could not be measured with vocalized pulse. These points were not used for the calculation ofthe correlation coefficient (r) and the slope (m).
a,c : V-E pair b,d : P-E pair
Immediately after characterizing the response properties of neurons with synthesized pulses and echoes, response properties were examined while the bat was vocalizing. All recording sites that showed weak responses to singly delivered FM sounds showed only a weak or, in some case, no response when the bat vocalized in the anechoic condition. In contrast, when the specific echo FM, component that was preferred in the synthesized pulse-echo paradigm was delivered after the FM component in the vocalized orientation sound with the best delay, neurons showed a strong facilitative response. For example, in the neuron in Fig. 4A , only a poor response was observed during vocalization if no echo was delivered from the loudspeaker. In contrast, when an appropriate echo FM component (EFM3) was delivered from the loudspeaker with the best delay from the FM components in the vocalized pulse, the neuron showed a strong facilitation. An FM2 or FMa delivered with the best delay after the vocalized FM component elicited only a weak response (Fig. aAf,g ). At three recording sites, neurons showed significant response to FM1 component delivered singly. Correspondingly, neurons at these recording sites responded well when the bat vocalized in the anechoic condition.
Activity of FM-FM neurons was also examined while the bat was vocalizing in front of a real target. The entire apparatus shown in Fig. 2 was retrieved into the laboratory room and the bat was positioned in front of a Plexiglas wall (l X I m) at a distance corresponding to the best delay. For these experiments, no synthesized echo was delivered. In contrast to the weak response observed when the bat vocalized in the anechoic condition, FM-FM neurons were strongly excited when the bat vocalized in front of the wall, presumably responding to an essential FM, component in the echo from the wall. In spite of the complex acoustic environment resulting from uncontrolled echoes from other objects in the room, the neurons showed weaker responses when the distance between the bat and the wall was different from that calculated from the neurons'best delays. Vigorous response to the combination ofvocalized orientation sound and real echo was observed in all recording sites tested (n : 5). A typical example is shown in Fis. aBf.
The delay tuning was examined both with synthesized pulse-echo pairs and with vocalized pulse-synthesized echo pairs in 25 recording sites. A typical example of responses to different delays is shown in Fig. 5 . FM-FM neurons showed strongest responses to a similar delay in both paradigms. In Fig. 6 , the response magnitudes are plotted as a function of echo delay for two recording sites. The delay-tuning curves are similar in the two paradigms, with respect to best delays, width, and overall shape of the function. The relationship between best delays measured Frequency in kHz with the synthesized pulse-echo pair and best delays measured with the vocalized pulsesynthesized pulse pair is shown in Fig. 7 . There was a strong positive correlation (r : 0.89) between the best delays measured in the two paradigms. The amount of vocal self-stimulation
The amount of vocal self-stimulation of the inner ear was estimated by measuring CMs evoked by the bat's own orientation sound. CMs were used as a measure of the amount of self-stimulation because it is a summated response to the airborne sound and the bone-conducted sound. The airborne sound, passing through the external and middle ear, is subject to the attenuation by the middle ear muscle contraction, which is known to occur during vocalization (2, I l). Distinct CMs of >50 pV could be observed above the noise level of the recording system (-15 pV). Figure 8,4 shows oscillograms of the CM during the vocalization. To reveal the low-level signals buried in the noise and to determine the frequency composition of CMs, CMs were Fourier-analyzed by a computer. The sampling was performed during the CF component of the orientation sounds. With this technique, signal components of I pV could be detected. Figure 8C shows a typical example of the Fourier spec- Fig, 9 . A strong positive correlation between the frequency of CF component of the vocalized orientation sound and the CM amplitude can be seen in CFz and CF3. This is partly due to a sharp frequency tuning of the CM (9, 12) and a variation in frequency ofthe vocalized orientation sounds. Vocalization amplitude was relatively constant (115.5 + 2.32 dB sPL).
To convert CM voltage evoked by the vocal self-stimulation into the amplitude of a delivered sound, which would produce the same magnitude of CM as the vocal selfstimulation, tones of various amplitude were delivered and an input-output function of CM was obtained for each harmonic (Fig.  l0) . Frequencies for four harmonics for the tones were calculated based on the CFr reststimulation M. KAWASAKI, D. MARGOLIASH, AND N. SUGA ing frequency measured while the bat was stationary in a cage. One-thousand vocalizations were sampled for each bat. The CMs evoked by the tones were Fourier-analyzed to obtain response amplitudes in the Fourier spectra. Digital sampling of 5 ms duration was perfonned prior to the middle ear muscle reflex, which occurs 6-7 ms after the onset of loud sounds (19) . Mean and standard deviation of CM evoked by the vocal self-stimulation are presented for each harmonic on the ordinate in Fig. 10 . These values are calculated only from those data points in Fig. 9 which are close to the resting frequency components (+0.33Eo). By comparing the input-output relation with CM amplitude evoked by vocal self-stimulation, the amount of vocal self-stimulation at the inner ear was estimated. These were 70 dB SPL for CFr, 9l dB SPL for CFz, 83 dB SPL for CF3, and 70 dB SPL for CFa. The average sound pressure level ofthe vocalized sound in this recording session was I 17 dB SPL measured 5 cm in front of the mouth. Values are means a SD measured in dB SPL; n, no. of vocalizations; CF, constant frequency; CM, chochlear microphonic potential.
* The microphone was placed at 5 cm in front aiming at the mouth. t The microphone was placed at the entranc€ of the external auditory neatus, aiming forward. The pinna was intact and fixed at normal position.
$ SPLs at the inner ear were based on the CMs, which were calibrated with sounds delivered from a loudspeaker. Since average amplitudes of vocalized sound were slighfly different for the mouth, external and inner ear (less than 4 dB), the values in the table have been normalized with a typical amplitude of vocalized sound: I16.5 dB SPL.
Sound pressure level during vocalization was also measured at the external ear with a 3-mm microphone placed at the entrance of the external auditory meatus. A small incision was made on the caudal end of the pinna, and plastic tubing of 3 mm inner diameter was inserted through the incision into a space behind the tragus and glued to the pinna. The tragus was removed and the microphone was tightly inserted into the tubing so as to place the diaphragm of the microphone at the entrance of the external auditory meatus. The CF components of vocalized orientation sound were recorded and Fourier-analyzed with an identical method as used in the CM analysis. The result was: 75 dB SPL for CFr, 95 dB SPL for CFz, 80 dB SPL for CF3, and 66 dB SPL for CFa. Sound pressure levels ofvocalized sounds at the mouth, the external ear, and the inner ear (CM) are listed in Table l . DISCUSSION The primary findings of this study are as follows: 1) FM-FM neurons in the auditory cortex are sensitive to the combination of a vocalized FM component and its echo, but less. or not. sensitive to the vocalized FM component or the synthesized echo FM component alone; 2) the FM-FM neurons are tuned to a particular delay of an echo from a vocalized FM component; 3) vocal self-stimulation and synthesized orientation sounds have equivalent effects on the combination sensitivity of FM-FM neurons; and4\ the amount of vocal self-stimulation at the inner ear by the first and second harmonics of the orientation sound is equivalent to delivered sounds of70 and 90 dB SPL, respectively.
In the previous studies, the use of synthesized orientation sounds and echoes that simulate the natural echolocation sounds has resulted in the discovery and detailed analysis of combination-sensitive neurons in the auditory cortex of bats. Two categories of such neurons, FM-FM and CF/CF neurons, exhibit many behaviorally meaningful response properties, such as delay tuning, fine frequency tuning, heteroharmonic sensitivity and topographic representation ofbehaviorally significant parameters in the auditory cortex (10) . These data have strongly suggested the involvement of the combinationsensitive neurons in processing specific aspects of the biosonar information in behaving bats. In this study, we have provided further evidence along this line: FM-FM neurons are indeed sensitive to the combination of vocal self-stimulation and echo and are tuned to the echo delays from the FM components in the vocalized orientation sound.
The present results indicate that vocal selfstimulation is crucial for the response of cortical neurons. Although we cannot rule out the possible existence ofa corollary discharge from the vocal system, vocal self-stimulation is sufficient to explain the response properties of cortical FM-FM neurons. The importance of the vocal self-stimulation has been implied by using the synthesized pulse-echo paradigm also in species other than mustached bat. Cortical neurons ofthe horseshoe bat, Rhinolophusferrumequinum (7), and of the little brown bat, Myotis lucifugus (20, 2l) , and neurons in the nucleus intercolliculais of Eptesicus fuscus ( 1), require the combination of a simulated pulse and an echo for their response. Conditioning of combination-sensitive neurons by vocal self-stimulation may be a common feature among echolocating bats.
For the facilitative responses of the combination-sensitive neurons, the first harmonic of the pulse and one of the higher harmonics of the echo are always essential in the synthesized pulse-echo paradigm. This suggests that, in behaving bats, vocal self-stimulation by the first harmonic conditions the combination-sensitive neurons to be sensitive to higher harmonics of echoes. Suga and O'Neill (14) proposed that such a response property of the combination-sensitive neurons may serve as one of the jamming avoidance mechanisms ( 14, I 5) . This theory is based on two assumptions: 1) the vocalized first harmonic effectively stimulates the bat's own combination-sensitive neurons, 2) the first harmonic produced by conspecifics flying near by do not stimulate combinationsensitive neurons sufrciently. Since the best amplitude of the first harmonic for facilitation, measured in the synthesized pulse-echo paradigm, is 62 dB SPL for CF/CF neurons and 63 dB SPL for FM-FM neurons in the auditory cortex (15), the present results support the first assumption by demonstrating that the amount of vocal self-stimulation by the first harmonic is 70 dB SPL (Table l) . The first harmonic best amplitude for CF/CF and FM-FM neurons can be compared with the amount of vocal self-stimulation in this study because both amplitude measurement in (15) and the calibration of CM response by the sound of known amplitude in this study were done without the middle ear muscle reflex. Our data of the amount of vocal self-stimulation do include the middle ear muscle contraction during vocalization and thus represent the input to the inner ear. In other species of bats, the neural attenua-tion in the central auditory pathway during vocalization is known ( 17, l8) . It is unknown to what extent the amplitude tuning of cortical neurons of the mustached bat is altered during vocalization.
We have shown that the inner ear is strongly stimulated by the bat's own vocalized orientation sound. The CM response to vocal self-stimulation corresponded to that ofan external sound as loud as 9l dB SPL. In spite of such an intense vocal self-stimulation, we did not observe any sign of suppression of echo sensitivity due to the vocalization, as is suggested by the suppression of central auditory neurons during or after vocalization in other animals (5, 6) . We have also shown that the intense vocal self-stimulation does not alter delay tuning of the FM-FM neurons demonstrated with synthesized pulse-echo paradigm. Henson et al. (4) reported that the CM response evoked by vocal self-stimulation corresponded to that evoked by echoes reflected from a 5.1-m distant target, which presumably produced an echo of43 dB SPL at the bat's ear, and concluded that the amount of self-stimulation was very small. The present results demonstrate that sound pressure level at the external ear during vocalization is as loud as 95 dB SPL. A similar result was obtained for the CM. We could not reproduce Henson et al.'s data and cannot explain how a 95 dB SPL sound at the external ear is attenuated down to 43 dB SPL.
